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Abstract 
A study was carried out on the effects of processing and composition on the structure and properties of P/M EP741NP type alloys.  
The objectives of this study were to understand the role of Hf in a P/M superalloy containing high niobium used in aircraft engines and 
to determine the effects of extrusion and forging the powders as contrasted to HIPing (hot isostatic pressing) only. Two alloys of the P/M 
EP741NP composition were atomized: one alloy contained 0.26%Hf and the other was Hf free. After the as-atomized powders from both 
alloys were characterized, the powders were extruded into billets, forged and heat treated. After each process, the microstructures were 
characterized by SEM and the phases were extracted and identified by X-ray diffraction. The presence of Hf in the residues was probed 
by EDS (energy dispersive spectroscopy). The alloys were given the published Russian heat treatment as well as a more conventional 
heat treatment more typical of western powder alloys. Tensile, creep and stress rupture mechanical property tests were run. Results of the 
structural behavior of the alloys after each processing step will be presented and discussed. The role of the Hf on the mechanical proper-
ties will be discussed. 
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1 Introduction* 
As turbine inlet temperature and stresses in-
crease in turbine engines, more interest is focused 
on achieving greater material homogeneity and 
achieving control of grain size by use of powder 
metallurgy technology. Microstructural studies on 
HIP’d and heat treated P/M alloys were conducted 
at Purdue University[1]. Among P/M alloys investi-
gated were PA101, AF-95, AF-115, and AF2-1DA.  
It was found that the phases formed in final con-
                                                 
*Corresponding author.  
E-mail address: carneiro@cbmm.com.br 
solidated and heat treated P/M materials were the 
same as found in cast and wrought materials, except 
much smaller. These P/M alloys progressed through 
a range of metastable equilibria from as-atomized, 
consolidated and heat treated. All of the HIP’d al-
loys contained prior particle boundaries (PPBs) and 
the amount of PPBs decreased with increasing HIP 
temperatures. In alloys modified with hafnium, a 
second, higher lattice parameter MC was only found 
in the AF-115 alloy. 
A study of the effects of B, Zr, and Hf on P/M 
Udimet-720, which was HIP’d and forged showed 
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no PPBs[2]. Hafnium was found to be beneficial to 
stress rupture life and increased the resistance to 
fatigue crack growth. Hf was detected as HfO2 by 
X-ray diffraction analysis of extracted residues. 
More recently a study was carried out on the 
Russian P/M alloy EP741NP[3]. This alloy contains 
high Nb, Mo and W, and Hf is added to promote 
notch ductility. Small amounts of HfO2 were found 
by extraction and X-ray diffraction studies of ex-
tracted residues. Mechanical property tests on this 
alloy showed no enhancement to the tensile proper-
ties which was attributed to the PPBs that formed 
during the HIP consolidation and the coarse γ-prime 
morphology that formed during the standard Rus-
sian heat treatment. The microstructure of produc-
tion processed EP741NP disc material given the 
standard Russian heat treatment is shown in Fig.1. 
The very high volume percentage of large cuboidal 
γ-prime is clearly seen. 
 
(a) 
 
(b) 
Fig.1  Photomicrographs of production EP741NP material 
that was processed using the standard heat treatment 
cycle. 
To understand the roles of PPBs, Hf content 
and γ-prime morphology on P/M EP741NP, a study 
was carried out on atomized powder consolidated 
by extrusion, isothermal forging, and heat treatment. 
Microstructural changes were studied by SEM, and 
phase extraction and X-ray diffraction were con-
ducted at each step of the thermo-mechanical proc-
essing. 
2 Experimental Procedure and Results 
2.1 Atomized powders 
Two alloys of P/M EP741NP type were atom-
ized: Alloy-1 contained 0.26% Hf and Alloy-2 was 
Hf free. The composition of the alloys is listed in 
Table 1. 
Table 1  The chemistry of the EP741NP (Alloy-1) and 
EP741NP-Modified (Alloy-2) heats produced 
within this project. 
Alloy Heat Al Co Cr Hf 
Alloy-1 BN05021 5.17 15.76 7.98 0.26 
Alloy-2 BN05005 5.02 15.63 8.13  - - 
Alloy Heat Mo Nb Ti W 
Alloy-1 BN05021 3.71 2.54 1.82 5.49 
Alloy-2 BN05005 3.61 2.62 1.82 5.50 
Alloy Heat Zr B* C Ni 
Alloy-1 BN05021 0.041 0.015 0.041 Rem. 
Alloy-2 BN05005 0.015 0.015 0.053 Rem. 
* The content of boron was not measured, but estimated based on input 
stock used to produce these heats. 
Some of the as-atomized powders were char-
acterized by SEM. Alloy-1 appeared to have more 
fine particles than Alloy-2 for the samples analyzed.  
Fig.2(a) and Fig.2(b) are photomicrographs of the 
atomized powders. X-ray diffraction analysis of 
both powders exhibited only a γ phase matrix pat-
tern. 
 
(a) 
 
(b) 
Fig.2  SEM photomicrographs of as atomized powders of 
Alloy-2. 
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The minor secondary phases within each pow-
der sample were extracted by selective electrolytic 
dissolution and studied by SEM analysis. There ap-
peared to be a film-like precipitate between the den-
drite arms and grain boundaries in both samples as 
shown in Fig.3(a) and Fig.3(b). The extracted 
remnant powders exhibited skeleton film-like resi-
dues seen in Fig.4. Energy dispersive spectroscopy 
(EDS) analysis showed the presence of some Hf in 
the residue of Alloy-1. 
 
(a) 
 
(b) 
Fig.3  Interdendritic precipitate films in as-atomized pow-
ders of Alloy-2. 
 
Fig.4  Remnant films from an extracted powder particle. 
An X-ray analysis of both extracted and col-
lected residues showed an MC carbide phase with a 
lattice parameter of 4.34 Ǻ and a Laves phase. No 
Hf phase was found in Alloy-1. The X-ray diffrac-
tion patterns of the extracted residues of both alloys 
showed broadening of the diffraction lines, indicat-
ing very fine crystalline size. Fig.5 shows the dif-
fraction pattern from the residue from Alloy-1. 
 
Fig.5  XRD pattern from the extracted Alloy-1 powder 
residue. (2θ versus X-ray counts) 
2.2 Extruded billet 
The powders from both alloys were extruded at 
a temperature between 1 050-1 065 ℃ into billet st- 
ock. Fig.6 shows the nominal billet microstructure. 
No prior particle boundaries (PPBs) were observed 
in either billet material. The microstructures showed 
many small, discreet precipitates, large γ-prime and 
smaller γ-prime. The microstructure appeared to be 
very similar for both alloys. No precipitates were 
seen in the grain boundaries. 
 
(a) 
 
(b) 
Fig.6  Photomicrographs of billet samples from Alloy-1 (a) 
and Alloy-2 (b). 
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Secondary phase extraction was carried out on 
both samples. The X-ray diffraction results from the 
resultant extracted residues showed M6C and MC 
carbides present in both alloys. In addition, a HfO2 
pattern appeared in the residue in Alloy-1, as seen in 
Fig.7. The greater intensity of the M6C patterns 
compared to the MC patterns in Alloy-1 indicated 
greater tendency of M6C formation in this alloy, 
which contained hafnium.   
 
Fig.7  X-ray diffraction pattern from the extracted residue from Alloy-1 billet material. 
The extracted residues from both billet samples 
are shown in Fig.8. EDS analysis of the larger parti-
cles showed high W+Mo content with lesser amou- 
nts of Cr, Co and Ni. The M6C phase are the larger 
particles, while the smaller, uniform, spherical par-
ticles are MC carbides with high Nb and Ti content. 
 
(a) 
 
(b) 
Fig.8  Photomicrographs of residues extracted from Alloy-1 
(a) and Alloy-2 (b) billet materials. It can be seen that 
both residues have large particles (M6C) and smaller 
round particles (MC), but Alloy-1 residue also con-
tains a large amount of fine particles (HfO2). 
2.3 Forgings 
The billet materials were isothermally upset 
forged into pancakes at 1 107 . ℃ Some of the large 
primary γ-prime appeared to have been solutioned 
and more cooling γ-prime regions were present. 
Typical microstructures from each forged material 
can be seen in Fig.9(a) and Fig.9(b). In addition to 
the γ-prime precipitates, there app eared to be a lar- 
 
(a) 
 
(b) 
Fig.9  Photomicrographs of Alloy-1 (a) and Alloy-2 (b) in 
the as-forged condition. 
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ger quantity of fine γ prime precipitates in both al-
loys, with Alloy-1 producing slightly finer particle 
sizes. No grain boundary precipitates were formed 
at the forging temperature. No evidence of PPBs 
were seen in either alloy. 
Samples of each alloy were processed by elec-
trolytic phase extraction, and X-ray diffraction 
analysis was performed on the resultant residues.  
The X-ray patterns showed a large amount of M6C 
still present in the alloy with hafnium (Alloy-1) 
along with some MC carbides, while only MC car-
bides were present in Alloy-2. Duplicate samples of 
Alloy-1 and Alloy-2 were extracted. The X-ray 
analysis results showed M6C still present in Alloy-1.  
The larger, irregular particles in the extracted resi-
dues of Alloy-1 showed similar compositions as the 
M6C in the billet residues. 
2.4 Solution heat treatment (1 210 ℃/1 h/air  
cool) 
Samples of both alloy forgings were solution 
heat treated at 1 210 ℃ for 1 h and air cooled AC. 
Discrete round particles were found in the extracted 
residue after this solution heat treatment step 
(Fig.10). A small amount of a grain boundary pre-
cipitate was found in both alloys as was fine cooling 
γ-prime. The X-ray diffraction analysis of extracted 
residues from both alloys showed MC carbides, and 
HfO2 in the residue of Alloy-1. 
 
Fig.10  Photomicrograph of extracted residue from as-solu- 
tion treated and air cooled Alloy-2 material. 
2.5 Solution and partial furnace cool heat   
 treatment 
The initial step of the published Russian heat 
treatment was carried out to study the materials’ 
response to this furnace cool to a sub-solvus 
temperature; 1 210 ℃/1 h/FC to 1 160 ℃/32 h/Air 
Cool.  Large γ-prime islands were formed within 
the grain boundaries and grains, but no secondary 
carbides resulted. Fig.11 shows the various large 
size γ-prime particles formed within the grains 
during the furnace cool. No grain boundary precipi-
tates were seen in either alloy. X-ray diffraction of 
extracted residue from Alloy-1 still showed the 
presence of HfO2 with the MC phase. 
 
Fig.11  Photomicrograph of Alloy-1 material after solution 
treating and furnace cooling to 1 160 ℃ and air 
cooling to RT. 
Solution treatment cycles were also performed 
on forged samples followed by furnace cooling to 
several different temperatures, followed immedi-
ately by air cooling to room temperature and aging 
at 871 .℃  The intermediate temperatures evaluated 
were 1 160 ℃, 1 093 ℃ and 982 ℃ for each alloy.  
Fig.12 shows the resultant microstructures from 
these thermal treatments. It can be seen that as the 
intermediate temperature was decreased, higher 
concentrations of large γ prime were produced.  
Additionally, as the intermediate temperature was 
reduced, the shape of the large γ-prime became 
more regular and more cuboidal. 
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Fig.12  Photomicrographs of Alloy-1 solution heat treated 
and furnace cooled to 1 160  (a), 1℃  093  (b), ℃
and 982  (℃ c), followed by aging at 871 .℃  
2.6 Russian heat treatment (1 210 ℃/8 h/FC to
 1 160 ℃/AC + 871 /32℃  h/AC) 
The microstructure of both alloys retained the 
large γ-prime phase which formed from the furnace 
cool to 1 160 ℃ step. A large γ-prime precipitate 
developed in the grain boundaries, while small 
γ-prime was precipitated in the matrix. The small 
γ-prime particles are larger than typical superalloy 
materials since the materials were aged at 871 ℃ for 
32 h, Fig.13. The small γ-prime particles appear to 
 
(a) 
 
(b) 
Fig.13  Photomicrographs of Alloy-1 (a) and Alloy-2 (b) 
after processing through the published Russian heat 
treatment cycle. 
be slightly smaller in Alloy-1 as compared to Al-
loy-2 as was also seen in the as-forged materials. 
The MC phase appeared as round particles in both 
alloys. 
The grain boundaries in both alloys showed no 
large secondary carbide precipitation; however, a 
thin film-like phase was present. This film-like 
structure was more noticeable in the Hf containing 
alloy, Alloy-1. 
The extracted residue from Alloy-1 showed 
MC carbides and some of the film-like precipitate.  
The extracted residue from Alloy-2 showed less of 
the film-like phase. The XRD patterns from Alloy-1 
residue showed a strong MC and HfO2 signature, 
and the presence of M23C6, and M6C. The XRD 
pattern from Alloy-2 residue (Fig.14) showed a 
strong MC pattern and much weaker M23C6 and 
M6C patterns as compared to those seen from Al-
loy-1 residues. 
 
Fig.14  XRD pattern from extracted residue from Alloy-2 after processing through the published Russian heat treatment cycle. 
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2.7 Conventional U.S. heat treatment (1 210 /℃
1 h/AC + 760 ℃/16 h/AC) 
The 1 210 ℃ 1 h solution heat treatment and 
age produced similar structures in both alloys. The 
grain boundary exhibited some large γ-prime parti-
cles, but no secondary carbide phases. The matrix 
γ-prime appeared to be cuboidal in shape and less 
than a half micron in size (Fig.15(a) and Fig. 15(b)). 
 
(a) 
 
(b) 
Fig.15  Photomicrographs of Alloy-1 (a) and Alloy-2 (b) 
after processing through the conventional solution 
and aging heat treatment cycle. 
SEM examinations of the samples used for ex-
traction showed a very small amount of what may 
be M23C6 at the grain boundaries. The small amount 
of grain boundary precipitates was not sufficient to 
be detected in the XRD patterns of extracted resi-
dues. The XRD pattern from Alloy-1 residue 
showed in addition to the MC and HfO2 phases, a 
strong matrix signal in the residue. The XRD pattern 
of the residue from Alloy-2 showed an MC phase 
and very little of the matrix phase. 
2.8 X-ray diffraction result summary 
The phases that formed during each step of the 
processing sequence for each alloy sample are listed 
in Table 2. A progression of phases can be seen, 
with very stable MC carbides forming during pow-
der processing, billet extrusion and forging. The 
hafnium containing powder alloy formed stable haf-
nia (HfO2) during consolidation. As the materials 
were processed at the relatively low temperatures 
during extrusion and forging, M6C carbides formed.  
Solution heat treating of these materials resulted in 
dissolving all phases, except MC carbides and HfO2.  
Upon furnace cooling and aging, Cr23C6 carbides 
and Mu phase formed. 
2.9 Mechanical property characterization 
One-half sections of each alloy forging were 
given either the published Russian heat treatment or 
the conventional solution and age type heat treat-
ment. Each of these half-forgings were sectioned for 
mechanical property testing. Fig.16 shows the cut- 
up test plan for each material. Table 3 lists the me-
chanical property tests and testing parameters used 
to characterize the program alloys forgings. 
 
Fig.16  Test sample layout. 
To date only limited mechanical property test-
ing results have been completed.  Table 4 lists the 
results of the room temperature and 649 ℃ tensile 
tests. 
3 Discussion 
3.1 Effect of heat treatment 
The effect of the solution heat treatment on the 
development of γ-prime precipitates was found to be 
substantial. The furnace cool from 1 210 ℃ to     
1 160 ℃ (the reported standard initial heat treatment 
step for this alloy) promotes large γ-prime particles 
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Table 2  Summary of extracted phases detected by XRD for each alloy and processing condition 
 Powder Billet Forging Solution Russian HT Conv. HT 
Alloy-1 
BN05021 
(w/Hf) 
Laves 
MC 
M6C 
MC 
HfO2 
M6C 
MC 
HfO2 
MC 
HfO2 
MC 
HfO2 
M6C 
M23C6 
MC 
HfO2 
γ* 
Alloy-2 
BN05005 
(w/o Hf) 
Laves 
MC 
M6C 
MC 
MC MC MC 
M6C 
M23C6 
MC 
γ* 
*A small amount of γ-Ni was presenting the extracted residue. 
Power: Rapidly solidied power 
Billet: Powder metal that was consolidated at ~1 065 ℃ and air cooled 
Forging: Billet material that was isothermally forged at 1 107 ℃ and air cooled 
Solution: Forging material that was solution heat treated at 1 210 ℃/8 h/AC 
Russian HT: Forging material HT’d at 1 210 ℃/8 h/FC to 1 160 ℃/AC+871 ℃/32 h/AC 
Conv. HT: Forging material HT’d at 1 210 ℃/1 h/AC+760 ℃/16 h/AC 
Table 3  Tests and test parameters used to characterize each alloy with the Russian and conven-
tional solution and age heat treatments 
ID Sample Type Parameters 
MC Microstructure sample-center Radial-axial face 
MS Microstructure sample-surface Radial-axial face 
TT Tensile sample-tangential Room and 649 ℃ 
TR Tensile sample-radial Room and 649 ℃ 
CT Stress-rupture sample-tangential 704 ℃/690 MPa 
CR Stress-rupture sample-radial 704 ℃/690 MPa 
CT Creep sample-tangential 700 ℃/500 MPa 
CR Creep sample-radial 700 ℃/500 MPa 
CT Creep sample-tangential 725 ℃/500 MPa 
CR Creep sample-radial 725 ℃/500 MPa 
Table 4  Tensile test results from the program alloys 
Tem-
perature/ 
℃ 
S/N HT Location YS/MPa UTS/MPa EL/% RA/% Mill heat Mill heat 
Room 1 Conv. TT1B 1 035.6 1 529.3 20.6 28.1 BN05021 Alloy-1 
Room 1 Rus. TT1A  975.6 1 506.6 25.7 25.6 BN05021 Alloy-1 
Room 1 Conv. TR1B 1 035.6 1 530.7 26 25.7 BN05021 Alloy-1 
Room 1 Rus. TR1A  918.4 1 489.3 27 24.7 BN05021 Alloy-1 
Room 2 Conv. TT1B 1 035.6 1 537.6 25.8 27.7 BN05005 Alloy-2 
Room 2 Rus. TT1A  973.6 1 502.4 26.1 25.4 BN05005 Alloy-2 
Room 2 Conv. TR1B 1 026.0 1 531.4 26.1 27.1 BN05005 Alloy-2 
Room 2 Rus. TR1A  924.6 1 479.7 28.6 30.7 BN05005 Alloy-2 
649 1 Conv. TT2B 1 027.4 1 370.0 21.8 25.4 BN05021 Alloy-1 
649 1 Rus. TT2A  918.4 1 308.0 24.9 29.8 BN05021 Alloy-1 
649 1 Conv. TR2B 1 016.3 1 356.9 22.3 22.6 BN05021 Alloy-1 
649 1 Rus. TR2A  875.7 1 283.2 26.7 29.2 BN05021 Alloy-1 
649 2 Conv. TT2B 1 019.1 1 353.5 21.5 26.4 BN05005 Alloy-2 
649 2 Rus. TT2A  939.1 1 319.0 23.7 25.4 BN05005 Alloy-2 
649 2 Conv. TR2B 1 012.9 1 342.5 22.8 26.4 BN05005 Alloy-2 
649 2 Rus. TR2A  906.7 1 292.1 26.2 28.5 BN05005 Alloy-2 
within the matrix and in the grain boundaries. The 
γ-prime particles from this initial heat treatment step 
exhibited dendritic morphologies. 
When the materials were furnace cooled to   
1 093 ℃, more uniform γ-prime was produced.  
These γ-prime particles were more blocky and had a 
higher concentration. 
Cooling the materials from the initial high tem-
perature solution temperature of 1 210 ℃ to 982 ℃ 
produced the most uniform and highest concen- 
tration of γ-prime particles. These γ-prime precipi-
tates evolved into substantially cuboidal shapes. In 
addition, the size of the γ-prime was found to be 
smallest in the 982 ℃ intermediate cycle samples 
and largest in the 1160 ℃ process step samples. In 
all cases, a relatively large and irregular shaped 
grain boundary γ-prime also formed. 
The nucleation and growth of γ-prime was 
closely linked to the intermediate temperature to 
which the samples were cooled from the initial high 
temperature solution treatment. The amount of 
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solid-state undercooling that forms in these alloys is 
estimated to be relatively high. Cooling to 1 160 ℃, 
which is 25 ℃ below the γ-prime solvus, produced 
limited nucleation, with subsequent growth of these 
particles in the form of solid-state dendrites that 
seek to rapidly reduce the undercooling and super-
staturation within the matrix. 
As the samples were cooled to temperatures 
further below the γ-prime solvus, greater γ-prime 
nucleation was observed. The size of the higher 
concentration γ-prime particles that formed during 
the initial nucleation event or burst in samples 
cooled to lower intermediate temperatures was 
smaller due to rapid reduction of superstaturation 
and soft impingement of the particles. The γ-prime 
that formed upon further cooling from the interme-
diate temperatures was also seen to be controlled by 
the size and amount of initial-burst γ-prime. The 
secondary-burst γ-prime particles were seen to be 
finer for the 982  ℃ intermediate temperature proc-
essed samples as compared to higher intermediate 
temperature treatments. 
When the samples from both alloys that were 
cooled to any of the three intermediate temperatures 
were exposed to a 871 ℃ aging treatment, the most 
grain boundary precipitation was formed in the  
982 ℃ intermediate temperature samples and the 
least in the 1 160 ℃ samples. In the 1 982 ℃ sam-
ple, the phases that precipitated at the grain bounda-
ries during the 871 ℃ exposure were Cr23C6 car-
bides and μ phase. In the 1 093 ℃ sample M6C 
formed as well as Cr23C6 and μ phase. When only 
small amounts of these phases precipitated at the 
grain boundaries, it became difficult to make an 
identification by XRD, since the two strongest dif-
fraction peaks of the μ phase pattern coincide with 
two strong peaks of the M23C6 crystal structure pat-
tern. However, the presence of Cr23C6 at the grain 
boundaries can be detected by selective electrolytic 
etching of the Cr23C6 particles and not those of the μ 
phase. 
The tensile properties of the two alloys inves-
tigated within this program show a direct relation-
ship to the heat treatment process employed. The 
materials that were given the published Russian heat 
treatment, which produced large and non-uniform 
distribution of γ-prime, exhibited low strength.  
Processing this material to the very high solution 
temperature and air cooling directly to room tem-
perature and aging at a lower temperature produced 
the highest strength material. The strength of this 
material was, however, not as high as other pub-
lished nickel-base alloys used in the aerospace in-
dustry. 
The lack of strength exhibited by these alloys 
may be due partly to a large grain size. The very 
high temperature solution cycle produced very large 
grain sizes, which limits strength capability based 
on the Hall-Petch relationship. This material may be 
more suited for very high temperature creep appli-
cations, where large grain sizes can be beneficial.  
The results of creep and stress-rupture tests have not 
been completed on the program material, but these 
results are expected to be reported in the future. 
3.2 Effect of hafnium 
The effect of hafnium in this alloy is unclear.  
During the processing of this material, the hafnium 
was found to form stable HfO2. Slight changes in 
alloy equilibrium and/or kinetics could be seen by 
the formation of M6C in the hafnium containing 
alloy forgings. The overall γ and γ-prime micro-
structure for both the hafnium-containing and 
non-hafnium containing alloys was seen to be very 
similar, but it appeared that the presence of hafnium 
caused the fine γ-prime to be smaller for the same 
processing condition. The tensile strength of each 
alloy processed to the same heat treat schedule was 
equivalent. It has been reported previously that ad-
ditions of hafnium can significantly increase 
notched stress-rupture ductility in superalloys [4]. 
4 Conclusions 
An alloy assessment program was undertaken 
to investigate the effects of processing on the mi-
crostructure and mechanical property development 
in EP741NP with and without additions of hafnium.  
Extensive metallographic and crystallographic in-
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vestigations were undertaken. The results of these 
efforts indicated: 
(1) Atomization and extrusion consolidation of 
the program alloys resulted in material with no evi-
dence of prior particle boundaries (PPBs). 
(2) The phase formation within these alloys is 
very complex, which results in a series of different 
phases at different steps in the manufacturing proc-
ess. 
(3) The addition of hafnium resulted in the 
formation of HfO2 particles. 
(4) The addition of hafnium resulted in limited 
changes in the formation of other phases, with the 
exception of the as-forged material, where M6C was 
retained. 
(5) The presence of hafnium appeared to in-
fluence the size and distribution of γ-prime in 
EP741NP, producing finer secondary-burst γ-prime 
precipitates. 
(6) The tensile properties were seen to be pri-
marily controlled by heat treat schedule and the size 
and distribution of γ-prime that were produced dur-
ing heat treatment. 
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